Paracoccidioides lutzii, formerly known as 'Pb01-like' strains in the P. brasiliensis complex, is proposed as a new species based on phylogenetic and comparative genomics data, recombination analysis, and morphological characteristics. Conidia of P. lutzii are elongated, different from those of P. brasiliensis. P. lutzii occurs in the central and northern regions of Brazil. Studies comparing P. brasiliensis and P. lutzii may have significant clinical consequences for the diagnosis and treatment of paracoccidioidomycosis.
Introduction
The thermal-dimorphic fungus Paracoccidioides brasiliensis (Splend.) F.P. Almeida [1] is the causative agent of paracoccidioidomycosis (PCM), a chronic pulmonary disease that affects both immunocompetent and immunodepressed individuals. Cases of PCM are mainly reported in individuals involved in rural activities in Latin America, and are seen from Mexico to southern Argentina [2] . The fungus occurs as saprobic mycelium in soil causing the decay of organic matter as a source of nutrients. When infectious propagules (i.e., hyphal fragments or conidia) are inhaled and deposited in the lungs, the morphology of the fungus shifts to a pathogenic yeast phase. This dimorphic switch is driven by genetic reprogramming as characterized by transcriptome analyses [3] [4] [5] . Besides humans, the fungus is frequently isolated from armadillos endemic to South America (mainly Dasypus novemcinctus and Cabassus centralis), representing its natural reservoirs [6, 7] . In addition, the pathogen has also been associated, either by mycological, histopathological, serological or molecular tests, with other mammalian species, such as anteaters, dogs, horses, cattle, monkeys, spiny tree porcupine, raccoons, guinea pigs, two-toed sloth and grisons [8] [9] [10] [11] [12] [13] [14] .
PCM was first observed by Lutz in 1908 in two patients in São Paulo, Brazil. The author observed the dimorphic nature of the causative agent in lesions and in culture [15] . The fungus was classified in 1912 by Splendore as Zymonema brasiliensis [16] . In 1930, the name Paracoccidioides brasiliensis was proposed by Almeida after making morphological comparisons with Coccidioides immitis [1] . Because the teleomorph of P. brasiliensis was unknown, it has been treated as an anamorphic fungus [17] . In 1968, P. brasiliensis was found to belong to Ascomycota based on the morphological similarities of its hyphal septum with those of other ascomycetous fungi [18] . Molecular phylogenetic analysis of the 28S rDNA placed P. brasiliensis in the family Onygenaceae (Onygenales, Ascomycota) [19] . Lutzoni et al. [20] proposed that Onygenales be redefined into two orders: (i) the Ascophaerales (Ascosphaeraceae and Eremascaceae), which include the anamorphic genus Paracoccidioides, and (ii) the Arthrodermataceae, Gymnoascaceae and Onygenaceae, corresponding to the Onygenales sensu stricto and including the human pathogenic anamorphic genus Coccidioides. Untereiner et al. [21] based on analysis of the nuclear LSU and ITS rDNA sequences, proposed inclusion in the Ajellomycetaceae, including the anamorphic genera Histoplasma, Blastomyces, Emmonsia and Paracoccidioides. These fungi are dimorphic, hosted by vertebrates and grouped as a separate clade from the Onygenaceae lato sensu. Lacazia loboi, a species that cannot be grown in vitro, was recently added to the Ajellomycetaceae based on molecular phylogenetic analyses, and shares a common ancestor with P. brasiliensis [22, 23] .
Paracoccidioides isolates reproduce by multiple budding of yeast cells or by conidia production in the mycelium phase [2] . Genomic evidence of sexual features and mating structures such as recombination, presence of the MAT locus, sex-related genes and their expression, and ascocarps formation have been reported [24, 25] .
The intra-specific relationships of P. brasiliensis have been studied by molecular markers and have revealed a high degree of genetic variation among clinical and environmental isolates [26] [27] [28] [29] [30] [31] . The Phylogenetic Species Recognition (PSR) method based on genealogical concordance (GCPSR) [32, 33] has been used to detect limits in many fungal pathogenic species such as Cryptococcus spp. [34] , Coccidioides spp. [35] and Histoplasma capsulatum [36] . By means of GCPSR, three phylogenetic species in the P. brasiliensis complex were recognized by Matute et al. [37] , namely, S1 -paraphyletic and recombination species, PS2 -monophyletic and recombination species, and PS3 -monophyletic and clonal species. P. brasiliensis clinical isolate Pb01, one of the best studied in relation to PCM, was not included in their work. Previously, RAPD data showed that two distinct groups occur, namely, one containing the isolate Pb01 and two other clinical isolates (7455, 2514), and another containing the other P. brasiliensis isolates (Pb18, Pb113, Pb1684 and Bt) that were later defined as the phylogenetic species S1 [28, 29, 37] . In addition, isolates from Mato-Grosso State, Brazil, differed genetically when compared with strains from other Brazilian or South American locations. Most of them (i.e., RAJ-2, 218, 263, 769, 717, 351, 84 and 133) clustered separately in a RAPD analysis [26, 27] . Multiple gene genealogies suggested that isolates Pb01 and IFM 54648 cluster apart from any phylogenetic groups of P. brasiliensis, probably representing a new clade in the Paracoccidioides species complex [37] [38] [39] . Teixeira et al. [22] extended these studies by including strains isolated from patients in other Brazilian regions, mainly in the Central-Western Amazonian area of Brazil. Using a molecular marker approach, they designed an internal primer inside the Pb01 indel of the hsp70 gene and were able to identify 17 isolates, including Pb01, that were described as the 'Pb01-like' group. This group was subjected to GCPSR criteria by analysis of 13 polymorphic loci and comparison with isolates from the three P. brasiliensis phylogenetic groups (S1/PS2/PS3) [37] . In all single and concatenated phylogenies, the 'Pb01-like' isolates clustered apart from the S1/PS2/PS3 group by a long monophyletic branch supported by maximal bootstrap and posterior probability scores, thus fulfilling the GCPSR criteria. Morphological analysis showed that 'Pb01-like' strains have more elongated conidia with a more extended size range [22] . The present work aims to identify new 'Pb01-like' strains by molecular and morphological data in a broader region of Brazil in order to propose a new species of Paracoccidioides. In addition we bring together data on molecular biology, phylogenetics, morphology and ecology that lead us to formally propose here a new Paracoccidioides species, P. lutzii that was known previously as the 'Pb01-like' group. P. lutzii is a previously unpublished name [22] .
Materials and methods

Cultivation and DNA extraction from clinical Paracoccidioides isolates
Strains isolated from human clinical samples (Table 1) were maintained on potato dextrose agar (PDA; BBL, Sparks, MD) or Mycosel agar (BBL, Sparks, MD, USA) and subcultured every 15 days. Mycelial fragments were removed from the agar and macerated in liquid nitrogen using a pestle and mortar. The fine powder was used for DNA extraction employing the DNeasy Plant Mini Kit (Qiagen, Germantown, MD, USA) according the manufacturer's protocol. Purity of the extracted DNA was verified by electrophoresis in a 0.8% agarose gel.
PCR and DNA sequencing
About 20 ng of each DNA sample were used for amplification of the arf (forward 5 TCTCATGGTTGGCCTC GAT-GCTGCC 3 and reverse 5 GAGCCTCGACGACACG-GTCACGATC 3 ) and gp43 (forward 5 TCGATGATC-GACTTTCTCCTGATG 3 and reverse 5 TATTG CT-GATCCTGCTTGAC 3 ) loci using the Fideli Taq PCR 
a Strains diagnosed as 'Pb01-like' strains characterized by [22] ; b P. brasiliensis species complex S1/PS2/PS3 proposed by [37] ; Strains listed in bold represented the strains characterized in this work; -Data nor obtained.
Master Mix (2X), (USB, Cleveland, OH, USA). Amplicons were purified using the Illustra GFX PCR DNA and Gel Band Purification kit (GE Healthcare, Buckinghamshire, UK) and quantified by spectrophotometry using a NANODROP 2000c spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Forward and reverse DNA segments were sequenced using the above listed PCR primers and BigDye Terminator 3.1, according to the manufacturer's protocols (ABI Foster City, CA, USA). Reaction products were precipitated and sequences were run on an ABI 3130xl Prism capillary sequencer. Sequences were deposited in GenBank and the accession numbers for the arf and gp43 loci are listed in Table 1 .
Phylogenetic analysis
Sequences previously deposited as the 'Pb01-like' group [22] and P. brasiliensis [37] were obtained from . This resulted for arf in the HKY model (number of substitution types = 2; transition/transversion ratio = 1.3887; assumed proportion of invariable sites = 0; equal rates of nucleotides frequencies; under this evolution model for base substitution, the ML value for the arf tree was −lnL = 835.3787). For gp43 the model selected was K80 (number of substitution types = 2; transition/transversion ratio = 1.1013; assumed proportion of invariable sites = 0; equal rates of nucleotides frequencies; under this evolution model for base substitution, the ML value for the gp43 tree was −lnL = 1066.3351). For Bayesian analysis, four Monte Carlo Markov chains were run for 1,000,000 generations and sampled every 1000 generations. Log likelihood scores were plotted versus generation number in order to assess where burn-in was reached, and all samples prior to chain stationary were discarded. Remaining points were used to generate a 50% majority rule consensus tree, and branch support was assessed using Bayesian posterior probabilities [43] . For ML, the initial tree was provided by heuristic searches and the tree with the highest log likelihood was selected. Bootstrap values were added next to the branches in which the associated taxa clustered together. Phylogenetic trees were constructed with help of FigTree v1.3 (http://tree.bio.ed.ac.uk/software/figtree/). The alignments and gene trees were deposited into Tree-BASE (http://treebase.org/treebase-web/home.html) under accession number 13161.
Conidial morphology
The isolates were maintained at 25
• C for 30-40 days, and conidial morphology was evaluated in two ways: (i) using adhesive tape (Durex, 3M, Maplewood, MN, USA), which was directly touched to the surface of the giant colonies cultivated in Petri dishes, or (ii) by the slide culture technique. The conidial morphology was evaluated using slide culture or by touching the surface of colony with durex 3M. So this are the media that we used, the staining method and the way that we kill the fungus is used for these to techniques. We evaluated eight strains in this study, i.e., three from the 'Pb01-like' group (Pb01, ED01 and ROSC) and five from P. brasiliensis (Pbdog, Bt60, T3B6, T9B1 and T15LN1). 
Results
Molecular phylogeny and morphology
According to the phylogenetic analysis, the majority of the isolates were grouped together as P. lutzii (see the following description for a new species) with high bootstrap support and high posterior probability values (Fig. 1) . Isolates ED01, MFC, JHS, JMS, ROSC, PLRO1, 8334, 1578 and EE clustered together with the so-called 'Pb01-like' strains [22] for the arf (Fig. 1A ) and gp43 loci (Fig. 1B) loci. Two isolates from Mato Grosso do Sul, (i.e., MS1 and MS2), plus one from Goiás (i.e., 5979) collapsed into different branches under both arf and gp43 analyses, suggesting that these isolates could be hybrids or that they retained ancestral polymorphisms as has been reported for the isolates 769 and 133 [22] . Phylogenetic analysis revealed that isolates newly collected in the central and northern regions of Brazil clustered together with previously characterized 'Pb01-like' strains [22] . In P. lutzii, the conidia of the isolates ED01 and ROSC showed the same morphology, as previously reported, as the reference strain Pb01 (Fig. 2) [22, 44] . The conidia of P. lutzii are elongated and the length, from septum to septum, ranged from 1.49-28.15 µm, with an average of 9.88 ± 5.00 µm (n = 3). In contrast, the conidia of P. brasiliensis are globular and shorter than those of P. lutzii; measuring from septum to septum, 1.65-11.06 µm long, with an average of 4.72 ± 1.50 µm (n = 5) ( Table 2 ). Besides the typical bicorn cocked hat-and barrelshaped conidia produced by both species, P. lutzii frequently forms elongate, rod-shaped conidia which could be used for species identification. The median value for lutzii is clearly demonstrated, exhibiting a great genetic divergence between P. lutzii and the P. brasiliensis species complex S1/PS2/PS3. Lacazia loboi was added as an outgroup. Phylogenetic trees were inferred using the ML and Bayesian methods. Bootstrap and posterior probability values representing the branch support were inferred and added in the tree branches. Scale bars of each tree refer to the number of substitutions per site analyzed.
conidia from P. brasiliensis (4.46 ± 0.26 µm, n = 5) is statistically shorter than P. lutzii (8.90 ± 1.29 µm, n = 3), with P = 0.0046 (Table 2 , Fig. 3 ).
Discussion
Phylogenetic and morphological analysis of Paracoccidioides genus
The results of the studies of the two polymorphic loci, i.e., arf and gp43 and the differences on conidial size and shape clearly suggest the establishment of a second Paracoccidioides, i.e., P. lutzii (Figs 1, 2 ). In addition, the studies of Theodoro et al. [44] , with a total of 42 strains (26 of S1, nine of PS2, two of PS3 and five of P. lutzii) demonstrated morphological differences in the conidia of the two species, corroborating the findings described in the present work (Fig. 3) . These morphological differences complement the molecular data and reinforce the recognition of two distinct species as has already been shown for the Sporothrix species complex [45] and the Fusarium graminearum clade [46] . Additional support for the proposed new species P. lutzii is found in reports published in the last five years. For example, the full-length intein PRP8 sequences from the three representatives in the P. brasiliensis complex, i.e., S1/PS2/PS3 and P. lutzii, isolate Pb01, also suggest the presence of distinct species [47] . Eight classes of new Tc1/mariner-like transposable elements (Trem) were identified and characterized in three Paracoccidioides populations [48] . TremC and TremH were found in all isolates, suggesting that these two classes existed in the hypothetical ancestor of the Paracoccidioides genus. TremA, TremB and TremF were identified in both the S1 and PS2 groups, whereas TremD was found only in the S1 group, thus suggesting that TremD was acquired after the separation of the S1/PS2 lineage. TremE occurred only in the 'Pb01-like' group suggesting that it emerged after separation from all other lineages. Finally, Salgado-Salazar [49] reported the diversity of five mitochondrial genes in the Paracoccidioides genus. The combined data set of 2,364 nucleotides supported the existence of P. lutzii as the 'Pb01-like' group (isolate Pb01 = B30) clustered apart from those of the P. brasiliensis complex. These analyses showed that P. lutzii can be separated from P. brasiliensis even with the use of non-nuclear markers [49] . Recently, the genomes of three Paracoccidioides isolates, Pb01 (P. lutzii/'Pb01-like'), Pb18 (P. brasiliensis/S1) and Pb3 (P. brasiliensis/PS2) were released by the Broad Institute (Massachusetts Institute of Technology, Boston, MA, USA; http://www.broadinstitute.org/annotation/genome/ paracoccidioides_brasiliensis/MultiHome.html). The comparative genomic analyses revealed genetic divergence between the Pb01 genome and those of Pb18/Pb3 [50] . The two P. brasiliensis genomes, Pb18 and Pb03, are similar in size (30.0 Mb and 29.1 Mb, respectively), whereas the P. lutzii (Pb01) genome is nearly 3 Mb larger with a size of 32.9 Mb. This could be explained by variations in the number of genes across the three genomes, low complexity repetitions and an expansion of transposable elements in P. lutzii. Long terminal repeat elements in P. lutzii are twice as abundant when compared to the genomes of Pb18 and Pb03. In contrast, DNA transposons were larger in the P. brasiliensis Pb18 and Pb3 genomes. The three Paracoccidioides genomes are highly syntenic. Strains Pb18 and Pb03 share a high percentage of sequence similarity (∼96%), whereas P. lutzii showed greater divergence (∼90%). The mitochondrial genomes from the three strains were also compared. The assemblies of the mitochondrial genomes of isolates Pb03 and Pb18 comprise about 75 kb, which is similar to a previously reported assembly for Pb18 [51] . In contrast, the assembled mitochondrial genome of the Pb01 strain covered less than half the amount of DNA, about 31kb. Pairwise comparisons of the mitochondrial genomes of Pb03 and Pb18 revealed 90% identity with 87% coverage. Aligned regions of the mitochondrial genomes of Pb01 and Pb18 are highly similar (89.6%), but covered only 54.6% of the mitochondrial genome, which further highlights the divergence between the two species [50] . The high degree of genetic divergence between P. lutzii and P. brasiliensis was also addressed by phylogenomic analysis using 82 complete fungal genomes [52] . The genome phylogeny of the isolates belonging to the Ajellomycetaceae (constituted by three Paracoccidioides and one Histoplasma capsulatum genomes) and the Onygenaceae (constituted by four Coccidioides immitis, two C. posadasii and one Uncinocarpus reesii genomes) supported the monophyly of Pb01 that grouped it apart from the Pb18 and Pb3 isolates.
Previously, Teixeira et al. [22] proposed that P. lutzii was restricted to the Centre-West part of Brazil, mainly to Goiás and Mato Grosso states, and a single occurrence was detected in Guayaquil, Ecuador. In order to evaluate the biogeographical events that contribute to the diversification of Paracoccidioides and Lacazia loboi, nested clade analysis and likelihood analysis of geographic range evolution were used, considering the divergence rates of the arf locus. According to Theodoro et al. [44] , the radiation of Paracoccidioides started around 24 million years ago (mya) in the northwestern region of South America. Vicariant events involved in the establishment of Paracoccidioides spp. were responsible for the divergence among S1, PS2 and P. lutzii. A more recent dispersal that generated PS3, restricted to the Colombian territory, was observed. Although this work suggests an allopatric speciation in Paracoccidioides, no geographic barrier is known to be responsible for the splitting of P. lutzii from S1 and PS2 [22, 44] . The establishment of geographic barriers in the evolution of microorganisms may not be as straightforward as in complex organisms, such as plants and animals. Small variations in weather, temperature, humidity and environmental conditions might create ecological situations sufficient to support species separation and emergence of new adapted genotypes. We extended our analysis to Rondônia and Mato Grosso do Sul states and found that isolates PLRO1 and ROSC from Rondônia clustered together with P. lutzii strains by arf and gp43 locus genealogies; this result indicates a new area not previously reported for this species.
Taking all of the above data into consideration, we formally propose a new species of Paracoccidioides, P. lutzii sp. nov. Arguments that support this recognition are: (i) genetic divergence between P. brasiliensis and P. lutzii as demonstrated by all independent and concatenate gene genealogies, thus fulfilling the GCPSR criteria [22] ; (ii) the two species are highly divergent, and separated approximately 24-32 mya [22, 44] ; (iii) lack of gene flow and proof of genetic isolation between P. brasiliensis and P. lutzii as evidenced by recombination analysis using split tree decomposition methods and also by a long proportion of fixed polymorphisms between the genomes of two species [22] ; (iv) RAPD data [26] [27] [28] [29] ; (iv) unique whole genomic features, such as genome size and gene content, gene families and their expansion, and presence of transposable elements [50] ; (v) acquirement of an exclusive transposable element mariner TremE in P. lutzii [48] ; (vi) P. lutzii strains produce elongated conidial cells longer than those of P. brasiliensis [22, 44] ; and (vii) geographically, P. lutzii seems to be frequently found in the Central and North-Western regions of Brazil ranging from Goiás to Rondônia states [22, 44] .
Clinical and diagnostic implications for PCM caused by different species in the genus Paracoccidioides
All species of Paracoccidioides detected so far are causative agents of PCM. However, several unexplained regional peculiarities have been noted in the diagnosis, clinical manifestations and treatment of the disease. The first regionally related variation among PCM pathologies was reported by Barbosa et al. [53] , who noted the frequent presence of lymphatic-abdominal forms of PCM in patients from the Brazilian State of Goiás. This observation was also reported by Andrade [54] when evaluating 57 patients in Goiás. It is possible that this unusual form of the disease is the result of the fact that the PCM was caused by P. lutzii and not by P. brasiliensis. This hypothesis needs further testing and efforts by clinicians should be directed towards searching for clinical differences produced by these two species. MolinariMadlum et al. [28] observed possible correlation between genetic background of the etiologic agent and virulence. P. lutzii (Pb01 and 7455) caused intense progressive peritonitis followed by a rapid dissemination to spleen, liver, lymph nodes and intestinal mesentery -features were not produced by P. brasiliensis isolates.
Together with mycological tests, serological tools are very important for the accurate PCM diagnosis, mainly through the standard test performed with the Gp43 antigen prepared from P. brasiliensis strain 339 (now known to belong to the S1 clade) [37] . However, low levels to absent serologic reactivity of a relatively high number of PCM patients from the Central-Northern region of Brazil [55] is a problem that calls for further analysis. Because of the already mentioned geographical distribution of the P. brasiliensis complex and the recently acknowledged existence of more than one species within the genus Paracoccidioides [22, 37, 38] , it is highly possible that serological tests designed against P. brasiliensis are effective only with some but not all species. Studies evaluating polymorphisms in the commonly used Gp43 antigen indicate a high level of amino acid variation among the P. brasiliensis complex and P. lutzii [22, 30, 31, 37] . Therefore, it is possible that serological tests carried out with exoantigens and/or cell extracts from P. brasiliensis are efficient when tested in patients from the Central-Northern region of Brazil in which P. lutzii is prevalent, thus leading to the lack of antibody recognition reported by Batista et al. [55] when the reference Gp43 antigen was used in their patients. Their results indicated that an exoantigen extracted from isolate 510-B (from Mato-Grosso State, probably a 'Pb01-like' isolate) was positive with 92.3% and 41.3% of sera from Mato-Grosso and São Paulo patients, respectively. In contrast, the B339 antigen was able to recognize 26.2% and 100% of the same sera, indicating geographic limitations in the use of diagnostic Paracoccidioides exoantigens extracted from assorted species. Additional epidemiological data from the Central-Northern region of Brazil (Rondônia State) revealed that only 7% (in 2007) and 1.8% (in 2008) of PCM patients reacted positively to the B339 reference antigen [56] . The impact of these data on medical practice is important enough to make clinicians and medical staff aware of the recently acknowledged existence of different species within the genus Paracoccidioides and the negative consequences for diagnostics of using the inappropriate exoantigen for serological tests. Therefore, new strategies such as a combined pool of exoantigens produced by strains from different species of the genus Paracoccidioides should be developed in order to minimize the high levels of negative tests in the Central-Northern region of Brazil, or other Latin American regions in which P. lutzii is yet to be discovered.
So far, no attempt has been made to correlate chemotherapeutic responses with Paracoccidioides species. Hahn et al. [26] observed that patients whose isolates clustered by RAPD analysis in clade II (P. lutzii isolates) had a better response to trimethoprim-sulfamethoxazole drug therapy than those patients whose isolates clustered in clade I (P. brasiliensis S1). Undoubtedly, these observations need urgent further exploration in order to rapidly and specifically detect the Paracoccidioides species involved in the disease and to improve diagnostic and therapeutic methods. This challenge calls for the joining of efforts between the medical and biological experts in regional hospitals and research centers which would be highly beneficial to PCM patients. In this way, the recently acquired knowledge on Paracoccidioides speciation and evolution will have a great influence on diagnosis and therapeutics of a disease that seriously affects human populations in rural Latin America.
Species description
Paracoccidioides lutzii Teixeira, Bagagli, San-Blas et Felipe, sp. nov. MycoBank no.: MB 518278. Mycelial colonies on PDA are white to cream and cottony and display a diameter of 9-14 mm after 20 days of incubation at 25
• C. Hyaline conidia exhibit mainly the forms of thick-walled arthroconidia, produced alternating with thin-walled empty disjunctor cells, arranged in a manner of beads on a string, with rare terminal or lateral aleuroconidia. Besides the typical bicorn cocked hat-and barrel-shaped conidia, 2-4 µm by 3-6 µm in size, P. lutzii frequently produces elongate rod-shaped conidia, whose length ranged from 1.49-28.15 µm, with 9.88 ± 5.00 µm on average; the median value is 8.90 ± 1.29. Ascogenous hypha can be produced in OTA, V8 or SEA media after 2 months of co-cultivation of different mating-type isolates, at 25
• C. However, a teleomorph was not obtained by any isolate. P. lutzii can be discriminated from other cryptic species of the P. brasiliensis complex by PCR amplification from the 5 -UTR to intron-1 of the hsp70 gene using the following specific primers: forward -5 AACCAACCCCCTCTGTCTTG 3 and reverse -5 GAAATGGGTGGCAGTATGGG 3 . Also, molecular discrimination can be performed by the following coding nucleotide characters based on the alignments generated by Teixeira et al. Etymology: lutzii; a tribute to Adolpho Lutz who described for the first time two cases of PCM in São Paulo, Brazil, and isolated the etiological agent and described its dimorphic nature [15] .
